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Coir geotextiles are permeable natural fibres that are developed from the husk of the coconut 
to enhance the engineering properties of soil. Coir geotextile reinforcement is one of the most 
significant methods that has been used successfully in the recent years for variant number of 
geotechnical applications. The main reasons for using coir geotextiles are; the ease of 
placement, eco-friendliness, ubiquitousness, low cost, and biodegradability properties. In the 
recent past, many laboratory investigations have been carried out on the effect of coir 
geotextiles as soil reinforcement. However, these studies have not captured the stabilising 
mechanism of coir geotextiles reinforced soil under monotonic loading condition. In addition, 
only limited studies have discussed the cyclic behaviour of coir geotextiles reinforced soil. In 
this study, a robust finite element model was developed to understand and investigate the 
behaviour of coir geotextile reinforced soil during monotonic and cyclic loading. The finite 
model has captured the bearing pressure response of coir geotextile reinforced soil similar to 
the laboratory experiments. The inclusion of coir geotextiles increases the bearing capacity and 
reduces the settlement of soil during monotonic and cyclic loading. The inclusion of coir 
geotextiles in the soil creates a shear interface between the geotextile and the subbase soil. 
During monotonic and cyclic loading an axial force developed along the reinforcement. Due to 
the applied load at the surface of the structure, the subbase soil moves in a horizontal direction 
which leads to create the maximum axial forces under the footing, the forces gradually reduced 
when moving away from the applied load. 
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1.1 General Background 
 
In the 1960s, Henri Vidal, a French engineer invented the concept of geosynthetic materials 
and since then they have been used widely in geotechnical engineering applications. 
Geosynthetics have been variously used as geotextiles, geomesh, geonet, geogrid and geocell. 
Improving the characteristics of soil using geotextiles is one of the most important aims of the 
design and construction of most road structures; and that is owing to the significant effect it 
has on the life of roads and pavement themes in the presence of traffic loading, subgrade stating 
and ageing. Using geosynthetic materials to reinforce soils leads to a significant improvement 
in their performance (Vidal 1963), and as cited in (Smith 1991). In terms of improving paved 
and unpaved structures, quite a few papers describe methods, designs, and procedures where 
geosynthetics are used as soil reinforcement (Giroud & Noiray 1981; Haeri et al. 2000; Nouri 
et al. 2019; Subaida et al. 2009). A geotextile is a thin, flexible permeable sheet made from 
natural or synthetic materials such as polyvinyl chloride (PVC), polyester and polypropylene, 
which embellishes the mechanical behaviour of the soil. Geotextiles are one of biggest groups 
of geosynthetics, and each geotextile fibre may have more than one geotextile function such as 
reinforcement, filtration, separation and drainage. These functions form part of several 
applications in geotechnical engineering such as road construction, and especially for soft soils. 
 
Figure 1.1: Typical pavement cross section (Gupta & Kumar 2014) 
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The general structure of flexible pavements is divided into subgrade, subbase, base and a 
surface course. Pavement structures are designed and introduced to resist and distribute the 
applied loads through the surface course layer and down to the subgrade layer (Yoder & 
Witczak 1975). The layers of pavement structures have variant properties; with the surface 
course layer having the best quality material and the subgrade layer having the poorest quality 
19 





material. These variations of material properties in pavement design are designed to minimize 
the cost of road construction and provide maximum resistance to the superimposed load. Due 
to traffic loads and other factors, road structures may become distressed, which means a 
solution is needed to reduce the distress mechanisms in the pavement layers. As mentioned 
before, many researchers have examined the effects of geotextiles in reinforcing soil (Nouri et 
al. 2019). There are three major benefits: (1) reducing the cost of construction (Bueno et al. 
2005), (2) reducing the thickness of each layer (Moayed & Nazari 2011), (3) and improving 
the life span of roads (Kermani et al. 2018). To improve the pavement and prevent primary 
issues such as rutting and fatigue, geotextiles are placed at the interface between the subbase 
and subgrade layers, between the base course and the footing, and in the middle of the subbase 
layer. 
A design with a shallow foundation is based on two main criteria; avoiding excessive settlement 
and ensuring that the ultimate bearing capacity will carry the applied load. The foundation is 
designed to transfer the applied loads safely to the soil (Knappett & Craig 2012), which is why 
several researchers have studied and assessed the bearing capacity of shallow foundations 
reinforced with geotextiles (Lal et al. 2017; Subaida et al. 2009; Vinod et al. 2009). The aim of 
introducing geotextiles into the soil is to use their tensile strength to gain extra resistance by 
distributing the applied load onto the geotextile material to increase the soil’s bearing capacity. 
An experimental study on geotextile reinforced sand under a cyclic load has been made by 
(Sridhar & Kumar 2018). The effect of cyclic loading on pavement and foundation design is 
considered to be crucial because settlement under a cyclic load may be far greater than 
settlement caused by a static load. Moreover, the permanent deformation and reduction in the 
strength and stiffness of soil can be created with a cyclic load that is less than the ultimate 
capacity of the soil. Geotextiles are used for temporary applications in unpaved roads because 
20 





the plastic deformation that occurs in the soft subgrade layer stems from the dynamic load. 
Therefore, natural fibres may be a potential solution in these cases due to their natural 
degradation. 
Three primary methods are used to find the solution for any engineering problem; the analytical 
method, the experimental method, and the numerical method. According to (Gokhale 2008) the 
analytical method gives a full accurate solution with 100% correct answer, but it can only be 
used for simple problems such as a simple beam problem. While the experimental method is 
considered to an expensive and time-consuming set up, it is only applicable when the physical 
prototype is available. On the other hand, the numerical method is a mathematical 
representation that gives an approximate result that is close to the real answer, depending on the 
assumptions made. A real- life complicated problem can be simulated through the numerical 
method, but the results must be verified by laboratory or analytical results. The finite element 
method (FEM) is a professional numerical analysis that helps in obtaining the behaviour of a 
structure. This concept is based on dividing a complex problem into a finite number of simpler 
problems (elements), and then solving and “gluing” them back together to solve a complex 
problem. 
Several researchers have investigated the behaviour of soil reinforced with geosynthetics and 
geotextiles using the finite element methods (Jones et al. 1990; Rahman et al. 2019; Yamamoto 
& Otani 2002), and while quite a few researchers have studied the experimental effect of 
improving soils with geotextiles, very few studies show the effect of geotextiles in numerical 
methods. 
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1.2 Problem Statement 
 
In this modern transport era, an increase in the payload of trucks and other transport vehicles 
leads to more attention being given to improving the efficiency and capacity of the highway 
transportation system, thereby imparting high frequency cyclic loads to subgrade soils. If high 
frequency cyclic loading is imparted to these problematic soil subgrades, the ongoing extensive 
deformation will result in substantial structural damage to transport infrastructures and will be 
a primary source of large economic losses. Properly engineered coir geotextiles can yield 
higher shear strength and also act as a separation layer between subgrade and subbase layers. 
However, the potential problems such as ground settlement that build up during high frequency 
cyclic loading are associated with the use of coir geotextiles in highway construction, which 
means that urgent attention is needed before their widespread application can be proposed. Coir 
geotextiles are permeable natural fibres that are developed from the husk of the coconuts to 
enhance the engineering properties of soil. Geotextile fabrics come in two basic forms: woven 
and non-woven, so they can reinforce, separate, filter and drain the soil. Coir geotextiles also 
have a range of desirable properties that are chosen based on a particular application such as 
increasing the bearing capacity, controlling erosion, and extending the life of paved and 
unpaved roads. As mentioned before, Finite element method (FEM) is a mathematical 
technique that achieves approximate solutions to complex problems that cannot be solved using 
basic theories. The strength requirements and serviceability (the deformation check) must 
converge in an engineering design and safety check, so (FEM) may be considered as a potential 
method to investigate the behaviour and effect of coir geotextiles placed into soil. 
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1.3 Scope and Objectives 
 
The main objective of this research project is to evaluate the mechanical behaviour of coir 
geotextile reinforced soil during monotonic and cyclic loading, by using a finite element 
simulation. 
➢ Analyse coir geotextile reinforced soils under monotonic load. 
 
➢ Investigate the influence of coir geotextiles in improving the bearing capacity of soil. 
 
➢ A parametric study of soil parameters to study their effect on the model and the 
performance of coir geotextiles. 
➢ Analyse the mechanical behaviour or coir geotextiles under monotonic and cyclic 
loading. 
➢ Validate the dynamic loading that will be used in the soil model. 
 
➢ Validate the soil model with/without coir geotextile. 
 
➢ Investigate the effect of coir geotextile reinforced soils in terms of improving the 
bearing capacity and reducing permanent deformation. 
➢ A parametric study of soil parameters under cyclic loading. 
 
The project will not only solve the environmental challenges associated with the sustainable 
use of geotextiles, it will also provide cost-effective, safe, and easily available construction 
materials for many projects in Australia. 
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1.4 Thesis Outline 
 
Coir geotextiles are recognised for their benefits in improving soil properties. Their 
significance has been studied and investigated through many different studies that will be 
discussed in detail later. The main objective of this thesis is to investigate the behaviour of coir 
geotextiles and their performance under monotonic and cyclic loading. 
This thesis contains six chapters: chapter one is an introductory, chapter two is a literature 
review of background knowledge on soil reinforcement and the effect that geotextiles have on 
soil reinforcement; it also provides information about coir geotextiles such as their components, 
behaviour, placement and functions. A review of the Finite Element Method (FEM) in 
geotechnical engineering is discussed, followed by a review of the basics and the use of 
constitutive models in the thesis using PLAXIS software. Finally, there is a discussion on the 
performance of geotextiles under monotonic and cyclic loading. 
Chapter three describes the development of a numerical model for coir geotextile reinforced 
soil developed for monotonic and cyclic loading, as well as details and information on the 
cyclic loading used in the model. 
Chapter four reveals the Finite element model validation and a detailed study on the behaviour 
of coir geotextile reinforced soil under monotonic loading. It also describes how coir 
geotextiles improve the bearing capacity of soil, as well as a parametric study of the subbase 
layer materials. 
Chapter five illustrates the behaviour of coir geotextile reinforced soil under cyclic loading by 
investigating the effect that deviator stress and frequency have on the performance of coir 
geotextiles. It also studies the effect that the subbase stiffness has on the settlement of 
reinforced and unreinforced soils. 
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Chapter six concludes this thesis and provides some recommendations for future studies. It also 
provides a list of references, an appendix of parameters, and several plots related to FEM 
modelling under monotonic and cyclic loading. 
1.5 Chapter Summary 
 
This chapter presents the research background and shows the problem statement. The scope 
and objectives of the study followed by the thesis outline. 
25 










Improving soil characteristics using coir geotextiles is one of the most important aims in terms 
of design and construction of the most geotechnical structures, and that is owing to its 
significant effect on increasing the soil bearing capacity, and reducing the settlement caused 
by the applied load. In the recent years, a quite number of researchers investigated utilizing 
coir geotextiles in improving the life of roads and pavement themes, and supporting structures 
during the existing of traffic loading. This chapter discusses the experimental, analytical and 
numerical studies that carried out on various geotextiles and geogrid. 
2.2 Soil Improvement Methods 
 
In the past decades, ground soil was considered unstable for construction, consequently the 
focus on improving ground soil characteristics and engineering properties, such as 
compressibility, permeability, problematic soil subgrades, relatively loose sand and poorly 
compacted fills has increased in this modern transport era. Bearing in mind the soil’s 
characteristics, geotechnical methods have been introduced to propose soil improvement 
methods, which aim at improving the soil’s quality and performance (Kurian 1982). 
Stabilisation, compaction, grouting, consolidation and reinforcement manly illustrate soil 
improvement methods. General soil improvement methods can be divided into two techniques: 
the first technique seeks to increase the soil’s strength by dewatering, such as preloading and 
vertical drain methods, while the second technique is based on supplementing the soil with 
materials, and reinforcing it using granular fill and geosynthetics to obtain the desirable 
characteristics in the soil such as shear strength, density and compressibility. Soil reinforcement 
is mainly based on merging certain materials that contain some desirable 
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properties within the soil that has deficiency in those properties (Schlosser et al. 1984). 
Reinforcing the soil’s main purpose is increasing the bearing capacity, improving soil stability 
and reducing settlement (Binici et al. 2005; Prabakar et al. 2004; Yarbaşı et al. 2007). Som & 
Sahu (1999) shows that the load carrying capacity of unpaved roads has increased due to the 
advantage of coir geotextiles in improving the lateral resistance. 
2.3 Geosynthetics and Soil Reinforcement 
 
The term geosynthetics expresses manufactured synthetic materials, such as polyester, 
polyethylene, and polypropylene, to produce a thin flexible sheet that enhances the mechanical 
behaviour of the soil by increasing its strength, and reducing vertical deformation through 
minimizing lateral movement (Hejazi et al. 2012). Ingold (1994) classified geosynthetics in 
order of their permeability into geotextiles that are permeable to fluids, and geotextiles that are 
not. Geotextiles have been frequently and successfully used to improve the soil’s problems, 
such as soft subgrade, railroad track crossing, excess pore pressure, and road grade crossing 
(Basu et al. 2009; Vinod & Minu 2010). Breaking the reinforcement produces insufficiency 
and collapse of the soil, and that is caused by the low ductility of fibres, high cost of synthetic 
materials, and the heavy use of resources of non-renewable materials, which all pours into the 
significance of raising more awareness towards using natural fibres (Vinod & Minu 2010; 
Hejazi et al 2012; Hufenus 2006; Sarsby 2007; Chauhan et al. 2008). The following (Table 2.1) 
summarizes several materials used in geotextiles. 
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2.4 Coir Geotextiles and Natural Fibres 
 
Geotextiles are made of permeable natural fibres such as coir, sisal, palm, and jute composed 
of textile yarns. Geotextiles can be divided into two main types: woven and nonwoven, based 




Figure 2.1: Woven & Non-woven Geotextiles (Rao et al. 2005) 
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Woven and nonwoven geotextiles have different properties and presented in (Table 2.2) 
presents: 














9.96 908 17.8 20-100 - 
H2M6 7.03 365 5 10-50 20*20 
H2M8 7.47 690 -  7*10 
 
 
Wang (2001) presented the tensile response of geotextiles when it’s woven and non-woven. 
Figure 2.2 shows that woven geotextiles have less extension than nonwoven geotextiles, even 





Figure 2.2: Load-Extension Curves for Woven & Non-Woven Geotextiles (Wang 2001) 
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Mandal & Divshikar (2002) divided the geotextiles’ properties into five major categories: 
physical properties (mass per unit area, thickness and specific gravity), mechanical properties 
(tensile strength, puncture resistance, burst strength and drop cone penetration resistance), 
hydraulic properties (cross plane and in plane permeability and porosity), endurance properties 
(clogging and creep), and degradation properties (ultraviolet degradation and biological 
degradation). Table 2.3 summarizes these properties: 













Mass per Unit 
area 














- Fatigue strength - 
Stiffness Burst Strength - - - 
 
 
Geotextiles are mainly used for erosion controlling purposes (Sutherland & Ziegler 2007), 
stabilizing the soil, extending the life of paved roads, and preserving the load-bearing capacity 
(Rawal & Sayeed 2013; Balan 2017). Moreover, eco-friendliness and biodegradability of 
natural geotextiles may be considered as major advantages of coir geotextiles, in addition to 
the fact that using coir geotextiles is considered more economical in comparison with the 
synthetic ones (Subaida et al. 2009; Lal et al. 2017), as well as the flexibility of natural materials 
gives the ability to align the soil easily (Singh 2013). Noorzad & Mirmoradi (2010) signifies 
that the higher the permeability and water holding capacity of the coir geotextiles, the stronger 
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the soil is. Geotextiles can be made by different natural materials other than coir; such as jutes, 
bamboo, palm, and sisal. The following is a brief description of coir geotextile fibres and their 
features: 
Coir fibres are basically the coconut husk; which is the external peel of matured coconut 
(Subaida et al. 2008). Coir fibres consist of lignin (46.48% (±1.73)), cellulose (21.46% 
(±1.44)), Hemicellulose (12.36% (±2.34)) (Bilba et al. 2013). The range of fibres’ length is 
mainly between 15-280 mm, a diameter within the range of 0.1-0.5, a water absorption of 130-
180%, density (1.4 g/cc), tenacity (10 g/tex), and elongation (15-40%) (Ayyar Ramanatha et 
al. 2002; Rao et al. 2005). The low cost of coir, the high availability in some countries such as 
India, and the many other desirable properties made coir geotextiles one of the most wanted 
natural fibres (Chauhan et al. 2008). Coir fibres are classified as being of the slowest natural 
fibres in means of degradation, which reflects positively on the longevity of these fibres in the 
field (more than 3 years), and that refers to its high content of lining that has a high effect on 
increasing coir fibres’ stiffness, and coir degradation which mainly depends on the means of 
embedment (Dutta & Rao 2008). Subaida et al. (2009) presented that a coconut retains 80% of 
its tensile strength after 6 months of merging in clay soil. Furthermore, the elongation of coir 
fibres is much higher than its tenacity, which is considered too low. Increasing coir fibres’ 
percentage and length leads to a further increase in the tensile strength of the reinforced soil 
and the absorption percentage (Methacanon et al. 2010). Coir fibres are also more flexible than 
synthetic materials, and that is due to its higher coefficient of friction. When it comes to the 
soil’s strength, coir fibres show a large exposition exhibition (Dutta & Rao 2008; Chauhan et 
al. 2008) and a reduction of the swelling tension of the soil (Babu et al. 2008). 
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Table 2.4: Coir Fibres Composition & Element Composition (%)  (Bilba et al. 2013) 
 
Content Chemical Composition (%) 
Lignin 46.48% (±01.73) 
Cellulose 21.46% (±01.44) 
Hemicellulose 12.36% (±02.34) 
Element Element Composition (%) 
C 46.22% (±00.39) 
O 40.47% (±00.03) 
H 05.44% (±00.03) 
N 00.36% (±0.002) 
Ash 01.05% (±00.05) 
 
 
Table 2.5: Coir Fibres Properties     (Ayyar Ramanatha et al. 2002) 
 
Coir Fibres Properties 
Length 15-280 (mm) 
Diameter 0.1-0.5 
Water absorption 130-180% 
Density 1.4 g/cc 




2.5 Engineering Behaviour of Coir Geotextiles 
 
Several studies have been set to study the engineering behaviour of coir geotextiles. The need 
of geotextile testing is to control quality during production and construction, study the 
suitability of the geotextile for a given application, and compare between products. Geotextile 
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tests can be divided into two categories: index tests and performance tests. Index tests describe 
the possible properties for geotextiles that can be used to compare the alternative materials to 
be used. Performance tests help in defining the parameters that can be used in the geotextiles’ 
design. This part of the review will describe some of these tests: 
2.5.1 Thickness (Index Test) 
 
Thickness of coir geotextiles presents the distance between the top and bottom surfaces under 
applied pressure. The thickness may be considered as one of the physical properties that control 
the quality of geotextiles. For a pressing area of 2500mm2 a variant pressure with 2, 20 and 200 
kPa is applied. Non-woven fabrics have large changes in thickness in comparison with woven 
fabrics that have none. Banerjee et al. (2002) shows that the thickness of fibres is changeable 
along the length of the fibres, and short fibres have less thickness than the long ones. 
 
 
Figure 2.3: Geotextile Thickness Tester (Koerner 2016) 
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Figure 2.3 shows a geotextile’s thickness tester with 2500 mm2 pressing foot area, 2±0.01kPa 
pressure and 0.001 mm accuracy in measuring thickness. 
2.5.2 Stiffness 
 
Stiffness of the geotextile is defined as the interaction between the weight and the bending 
stiffness of the geotextile. Stiffness test is done by placing a strip of geotextile with 25 mm 
width through the length of the inclined plane, the angle of inclination equals 41.5o. Measure 
the length of the overhang (L) while the strip bends gravitationally under its own weight. The 
stiffness has (mg-cm) as unit. 
Stiffness= (L/2)3 × mass per unit area.       (2.1) 
 
2.5.3 Grab Tensile Strength 
 
The Grab tensile strength is used in general to set the geotextile as a separator in pavement 
applications, as a construction survivability test. To perform the test a 25mm wide narrow grips 
are used with (300 mm/min) loading. This test’s results are force in newtons not in 
newton/meter, and rupture strain. Figure 2.4 presents the grab tensile strength test. 
 
 
Figure 2.4: Grab Tensile Strength Test (Koerner 2005) 
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Figure 2.5: Geotextile Strain Under Lateral Pressure (Koerner 2005) 
From (figure 2.5), the strain in geotextiles occurs when a pressure is applied to the upper stone, 
which makes it move between the two lower stones by spreading them laterally. That mobilizes 
the tension in geotextiles. The following equations show how to measure the required grab 
strength: 
Li= D/2 + D/2 + D/2, Lf= D + 2D/2 (2.2) 
 
 
Where, D: diameter of stone, Li: initial length of geotextile, Lf: final length of geotextile, ε= 
maximum strain in geotextile, Treqd: required grab strength, Ap: applied pressure, Dv: maximum 
void diameter, Da: average stone diameter. 
ε= (Lf - Li)/ Li ×100= ((D + 2D/2) – (D/2 + D/2 + D/2))/ (3D/2) = 1/3= 33% (2.3) 
Treqd= Ap × (Dv)
2 × ε, Dv= 0.33Da (2.4) 
35 








2.5.4 Direct Shear Test 
 
In direct shear test, the frictions are placed on two boxes (upper box and lower box), where the 
lower box moves with a concentrate displacement (1mm/ min). Record the displacement with 
three different forces (50 kPa, 100 kPa, 150 kPa) to calculate the value of the friction angle. 
Figure 2.6 presents the shear box test. The Direct shear test may be used to study the frictional 
behaviour of geotextile-geotextile friction. 
 
 




2.5.5 Pull Out Test 
 
In a pull-out test, coir fibres are placed between two boxes (upper and lower), both boxes filled 
with soil, and then the fabrics is pulled out to measure the frictional resistance. A load is applied 
on the soil that is reinforced with fabric. Force and deformation are recorded through several 
points of the material. Figure 2.7 shows the pull-out machine. 
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Figure 2.7: Pull Out Test (Shukla 2002) 
 
 
The ultimate pull-out resistance (P) is given by the following equation: 
 
P= 2×Le×W×´×Ci×F (2.5) 
where Le: embedment length of the test specimen. W: width of the test specimen. ´: effective 
normal stress at the soil-test specimen interfaces. Ci: coefficient of interaction. F: pull out 
resistance factor. 
2.5.6 Fatigue Strength 
 
Fatigue may occur when a repeated cyclic load is applied. Fatigue resistance can be defined as 
the resistance to the cycles of loads applied. In fatigue strength test, the specimen is stressed 
longitudinally with a constant rate of load until the longitudinal load become less than the 
failure load then back to the lower zero load. The cycling keeps repeating until the failure 
occurs. With lower stress failure, a larger number of cycles are needed. Figure 2.8-a represents 
the cycling load. Where σamp: amplitude component for stress. Figure 2.8-b represents the 
tensile strength of coir geotextiles after repeated loading, that shows higher percentage of 
tensile strength with a smaller number of cycles until failure 
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Figure 2.8: Fatigue Strength. (a) Cyclic Loading (b) Tensile strength of coir geotextile after 
repeated loading, (Koerner 2016). 
 
2.6 Reinforced and Unreinforced Soil during Monotonic Loading 
 
This section discusses reinforced and unreinforced soil during monotonic loading, that is 
carried out by other researchers to explore the effectiveness of geosynthetics and geotextiles in 
improving the bearing capacity and reducing the settlement of roads. It also includes literature 
that discusses the effect of reinforcement on flexible pavement layers, summarizes the bearing 
capacity of reinforced soil, and presents the effect of the reinforcement’s type, depth of 




2.6.1 Bearing Capacity of Reinforced Soil 
 
The term bearing capacity is the ability of the soil to bear an applied load without failing, 
consequently, the soil must resist the applied pressure of structures and self-weight, and the 
settlement values need to be acceptable (Knappett & Craig 2012). Since enhancing the bearing 
capacity is considered one of the most important functions of geotextiles (Subaida et al. 2008). 
(a) (b) 
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Kurian et al. (1997) studied the effect of geotextiles on soil supporting reinforced footing. A 
 (FEM) test has been done with a 1.6×1.6×0.75 m tank on a sea sand bed. The specific gravity 
is 2.72 minimum Poisson’s ratio 0.51, and maximum Poisson’s ratio is 0.72. The results from 
the (FEM) model were compared with the laboratory test results. It was found that coir 
geotextiles may increase the bearing capacity for foundations three or more times, that leads to 
the reduction of the settlement in reinforced soils in comparison with unreinforced soil. It has 
also been found that the maximum axial forces in the reinforcement were located near the centre 
and were reduced when moving towards the end. 
Based on the Terzaghi capacity theory, the ultimate bearing capacity of the soil can be given 
in the following equation: 
𝑞𝑢=𝑐𝑁𝐶+𝛾𝐷𝑁𝑞+0.5𝐵𝛾𝑁𝛾 (2.6) 
 
Where; cNc, presents the effect of cohesion 
qNq, presents the effect of surcharge 
0.5B γ N γ, presents the footing weight 
qu = the ultimate bearing capacity of the soil under footing 
c = cohesion of the soil 
q = the effective stress on the bottom of foundation level 
 
There are bearing capacity factors (Nc, Nq, Nɣ) which are determined based on interface 
friction angle, Ⲫ. 
Chen et al. (2015) investigated the effect of reinforcement on the bearing capacity of the soil. 
Due to the interaction at the interface between the reinforcement and the soil, Terzaghi ultimate 
bearing capacity equation may improve through adding an extra parameter in the equation. 
Moreover, the vertical settlement decreases, which occurs as a result of the tensile strain 
resistance from reinforcement. Chen et al. (2015) summarized the modes of reinforced soil 
failure into three major positions, (i) the failure that occurs above the reinforcement, (ii) the 
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failure that occurs between reinforcement layers and (iii) the third is a punching shear failure 
then a general shear failure occurs (under the reinforcement layers). The bearing capacity of 







Where, qu(R)2: ultimate bearing capacity of underlying general shear failure. 
 
qu (UR): ultimate bearing capacity of unreinforced soil in general shear failure zone. 
u: top layer spacing 
B: width of footing 
 
Dp: depth of punching shear failure one 
T2L: tensile force 
T2Lx: horizontal component of tensile force. 
 
As shown in the previous (equation 2.6), the reinforced soil has a larger ultimate bearing 
capacity. According to Bazne et al. (2015), geotextiles may increase the bearing capacity of the 
soil about six times more than normal conditions. 
Kazi et al. (2015) compared between wrap-round end geotextiles and geotextiles without a 
wrap-round ends, using a laboratory test and a numerical model. Using geotextiles in the soil 
bed leads to an increase in the bearing capacity of the soil, and the geotextiles with wrap-round 
ends show more improvement in the soil’s bed when compared with the geotextiles without 
wrap-round ends. Lal et al. (2017) studied the effect of coir geotextiles’ reinforcement on sand 
beds. Woven coir geotextiles were used in the study (768 g/m2, 6.47 mm thickness, 16 kN/m 
ultimate load). Five tests were conducted to study the effect of coir geotextiles, which were 
distinct in the type of reinforcement as unreinforced, two-coir geocell, and two planers. It has 
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been reported that the influence of installing coir geotextiles in the soil is increasing the bearing 
capacity of about 35%, for a settlement of 15% of the foundation width. 
 
Figure 2.9: Load-settlement Curves for Unreinforced and Reinforced Sand (Das 2017). 
Figure 2.9 shows the response of supports the square footing foundation using coir geotextiles. 
The Bearing Capacity Ratio (BCR) presents the improvement in the ultimate bearing capacity 
of reinforced soil that supports the foundation. BCR is defined as the ratio of the ultimate 
bearing capacity of reinforced soil (qu(r)) on the ultimate bearing capacity without reinforcement 
(qu), and BCRs can be calculated by dividing the load per unit area of reinforced foundation (q(r)) 
on the load per unit area of unreinforced foundation (q), which is the BCR at different levels 
of settlement. 
BCRu= qu (r) / qu (2.8) 
 
BCRs= q(r) / q (2.9)
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2.6.2 Effect of geotextile Installation 
 
Rashidian et al. (2018) studied the effect of the depth of placement of coir geotextiles on their 
behaviour. Two types of soils were used; the first soil type had a lower content of fine grains 
than the second one, which were studied with several conditions of different coir geotextile 
positions (Without Geotextile, Top Layer, Middle Layer, Bottom Layer, Top and Bottom 
Layers, Top & Middle Layers, Middle & Bottom Layers and in three layers). California bearing 
ratio (CBR) was measured to present the effect of different positioning. What has been found 
was that the bearing capacity increased with changing the geotextiles’ position. While the soil 
with lower fine grain content was found to have less impact on enhancing the bearing capacity. 
Interestingly, using more layers did not necessarily increase the bearing capacity. 
Table 2.6: CBR Value Based on Coir Geotextile Position   (Rashidian et al. 2018) 
 
Geotextile Position  CBR Value (%) 
 Soil-1 Soil-2 
Without Geotextile 97.5 43.8 
Top Layer 101 54.5 
Middle Layer 105.7 63.6 
Bottom Layer 112.2 49.6 
Top and Bottom Layers 91.4 55.3 
Top & Middle Layers 89.2 52.9 
Middle & Bottom Layers 87.6 59.5 
In Three Layers 94.5 62 
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Vinod et al. (2009) studied the behaviour of square footing reinforced with coir fibres. The test 
conducts different values of z/B to the reinforced and unreinforced soil. Where (z) is the depth 
of the embedment of the coir fibre, and (B) is the footing width. If Vinod findings were 
accurate, then, the deeper the embedment, the more the settlement reduction. It has also been 
found that the settlement of the reinforced soil with coir fibres has been reduced in comparison 
to the unreinforced soil, and that is due to the interface of sand, reinforcement, and frictional 
resistance. Bazne et al. (2015) presents that the maximum installation depth for a single layer 
may be presented as 3×B, 2while 2×B is the optimum length for two and three-layer 
reinforcements. 
 
Figure 2.10: Settlement-Applied Bearing Pressure Curves with Various (z/B), 
(Vinod et al. 2009) 
Chen et al. (2007) studied the influence of geosynthetics in reinforcing clay soil through a 
footing model with 152 (mm) x 152 (mm) x 25.4 (mm) dimensions. This study presented the 
effect of the top layer spacing, number of geosynthetic layers and the spacing between the 
geosynthetics layers. Based on the results, the best position for a geosynthetic is to be at 0.33B 
of the square footing width. Reducing the spacing between the geosynthetic layers increases 
the bearing capacity. And increasing number of reinforcement layers have high effect after first 
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layer but the effect of adding layers become negligible with increasing the number. 
Noorzad & Mirmoradi (2010) studied two different nonwoven geotextile types (180GSM and 
260GSM). In two soil samples (type I and type II), where type I was classified as CL and type 
II as CH, to present the behaviour of a geotextile reinforced clay through placing the geotextile 
in different layers at equal spacing. In terms of increasing the soil’s strength, it has been found 
that increasing the number of reinforced layers for both soil types increases the soil’s strength. 
Moreover, increasing the permeability of the geotextile also increases the soil’s strength. 
Vinod & Minu (2010) studies the effect of utilizing coir geotextiles in unpaved roads. Five 
different types of coir geotextiles (Hand-Knotted Coir Netting NA1, Hand-Knotted Coir 
Netting NA2, Coir Geotextile H2M6, Coir Geotextile H2M8, and Coir Geotextile H2M10) 
were used in the study. In subgrade, three types of soil were used (soft soil from Kuttanad, 
India, commercially Kaolinite, and locally lateritic soil) in the base course of river sand. CBR 
test was applied on a two-layer pavement model reinforced with coir geotextiles. According to 
the study results, coir geotextile types have more efficiency than hand-knotted coir netting in 
reinforcing the soil, and H2M10 is the best one concerning coir geotextiles’ reinforcement. The 
previous results were based on the mesh opening (mm×mm) that controls the effect of lateral 
confinement. Sridhar & Prathapkumar (2018) studied the effect of coir geotextiles in 
reinforcing the sand bed based on the mesh opening size. The smaller the mesh opening size, 
the more interaction with sand, which increases the bearing capacity of the sand bed 
Basudhar et al. (2008) conducted a finite element method to investigate the behaviour of the 
geotextile on reinforcing sand under strip loading. Several assumptions have been set to build 
the model like the linear elastic model used to both geotextile and soil layers, the interaction 
between the geotextile and the soil set based on the contact condition, not on the conventional 
joint element and the geotextile thickness used in the calculations. The study presents a 
parametric study to the geotextile and soil parameters to investigate the performance of 
geotextiles under different soils. 
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Kurian et al. (1997) presents a 3D nonlinear finite element model of a sand foundation 
reinforced with coir geotextiles. The model results compared with a laboratory test with 
dimensions of 1600 (mm) x 1600 (mm) x 750 (mm) using a uniformly graded sea sand 
(D10=0.24mm, G=2.72 and Cu=1.34), the friction behaviour between coir and soil was modelled 
using a 3D line interface element. The model shows a significant reduction in the settlement 
values for the reinforced model in comparison with unreinforced model. While the coir 
geotextile maximum axial force is found next to the centre of the model under the foundation 
and is Faded on the edge of the reinforcement. 
2.7 Soil under Dynamic Loading 
 
This part discusses reinforced and unreinforced soil under cyclic loading, that is carried out by 
other researchers to explore the effectiveness of geosynthetics and geotextiles in improving the 
bearing capacity and reducing the permanent settlement of roads that occurs due to dynamic 
loading. It also includes literature on the effect of reinforcement on the flexible pavement 
layers, that comprises the effect of reinforcement’s depth of placement, type, and layer number. 
only a few numbers of relevant studies have investigated the behaviour of coir geotextile under 




2.7.1 Experimental and Numerical Study 
 
In the 1960’s, Fry and Richardt & Whitman started the comparison between the laboratory 
results of dynamic loading and the results of analytical method. Cunny & Sloan and Vesic 
studied the effect of dynamic loading on the settlement and bearing capacity of footing. 
Brumund & Leonards (1972) studied the behaviour of circular footing on sand under dynamic 
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loading. A cycle with a 20 Hz frequency was used in the study, and the footing settlement was 
plotted with respect to the peak acceleration in a linear relationship. 
Raymond & Komos (1978) applied four series of loads on a strip footing, the first series 
presented the static load to study the bearing capacity of the soil and compare the effects of 
static loads and dynamic loads. The second series is a repeated load with 1Hz frequency, the 
load goes back to zero to present the train wheel behaviour. The third series is a continuum of 
the second series after certain settlement, the same as test D, where the static load is applied 
after series two finished. To present the results, the relationship between settlement and number 
of cycles plotted based on the ratio between the cyclic load and the ultimate bearing capacity 
as shown in (Figure 2.11). 
 
 
Figure 2.11: Settlement-Number of cycles curve and cyclic load/bearing capacity ratio 
(Raymond & Komos 1978) 
Al-Qadi et al. (2008) present the efficiency of using geogrid in low volume flexible pavements 
under dynamic loads. The study was made on nine flexible pavement samples with different 
base thicknesses, 203 mm, 305 mm, 457 mm, and two asphalt thicknesses of 76 mm and 127 mm. 
The base layer is constructed on the subgrade layer with 4% California bearing ratio. The results 
show that placing the geogrid between the subbase and subgrade layers gives the 
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best performance for thin layered base courses, while placing the geogrid at the depth of one 
third of the base layer is the best for thick based layers. 
Das (2017) studied the cyclic loading’s effect on footing bearing capacity reinforced with 
geogrids. At the first stage, the study investigated the static load’s effect on the bearing capacity 
of reinforced footing. Then the cyclic load’s experiment was performed on square and 
rectangular footing. In the cyclic load test, the researcher started with applying a static load to 
present the static load results, then applied the dynamic load on footing, 1 Hz frequency was 
used in the test. 
 
 
Figure 2.12: Cyclic loading (load intensity-time curve) (Das 2009) 
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Figure 2.13: The ratio of settlement by width of footing under cyclic loading, with number of 
cycles of loading (n) (Das 2009) 
Figure 2.13 shows that the settlement in reinforced soil is less than the settlement in 
unreinforced soil, and it increases as the number of cycles increases. The maximum settlement 
ratio reaches around 20% for 10% cyclic loading/ bearing capacity ratio and increases with the 
increment of cyclic loading/Ultimate bearing capacity ratio. 
Das & Shin (1994) presented static and dynamic experimental tests to investigate the settlement 
of a footing supported by geogrid reinforced clay model. Based on the results, the permanent 
deformation of the soil increases when the static load increases for the same load amplitude. 
Ravi et al. (2014) made several scaled cyclic loading test models to study the effects of 
geotextiles in enhancing unpaved roads’ performance under cyclic loading, 85% fine content 
soil has been used in the subgrade, and well graded gravely sand was presented to the subbase. 
Rigid circular steel tank was used to form the test beds, which is the loading plate that is made 
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of steel. The loading plate was installed on the surface of the model at the centre of the tank, 
for the loading was applied at the centre of the test bed. The test results present that the 
settlement of unpaved roads was electively reduced. Strength and stiffness of the subgrade were 
found to have quite the effect on the geotextile’s performance; the more the stiffness of the 
subgrade, the less the effect of the geotextile. The reinforcement keeps improving the road, and 
reduces the settlement under the cyclic load, while the subgrade strength Cu increases until it 
is equal to 30 kPa or more, where it then reaches a plateau of negligible settlement reduction. 
Sridhar & Kumar (2018) investigated the behaviour of reinforced sand under sine cyclic 
loading. The sand bed was prepared using raining technique to obtain the desired properties for 
the sand bed. The sand has a compacted density of 16.9 and a 60% relative density. A variant 
number of applied loads (100 kPa, 200 kPa, 300 kPa), frequency (0.5 Hz, 1 Hz, 1.5 Hz) and 
number of reinforcement layers (0,1 and 2) were involved in the research. Based on the study, 
placing the coir geotextile in the sand bed improves the sand bearing capacity, and reduces the 
settlement. Increasing the number of reinforcement layers helps in reducing the settlement of 
the soil, while increasing the frequency and the applied pressure has a significant effect on the 
rate of settlement. 
Many researchers presented numerical models to investigate the behaviour of the stress transfer 
mechanism between the geotextiles and the soil and studied the in-depth behaviour of 
settlement. 
Leng (2003) designed a numerical model to study the performance of unpaved pavements with 
geogrids using ABAQUS software. Based on the study, the reinforced layer shows an 
improvement when the modulus ratio between the aggregate layer and the subgrade layer 
decreases, and consequently higher modulus of geogrid and higher interface properties of the 
soil. 
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Perkins (2011) also conducted a two-dimensional model in order to investigate the behaviour 
of unpaved roads reinforced with geosynthetics; a nonlinear elastic model was used for the soil 
and a linear elastic one for reinforcement. The finite element model was validated with 
laboratory results. The model investigated and described the behaviour of rutting deformation 
on flexible pavement layers. 
2.8 Finite Element Method (FEM) 
 
The finite element method (FEM) is a “mathematical technique used to obtain approximate 
solutions to complex problems that cannot be solved using basic theories. The fundamental 
concept of FEM is that it splits up a complex problem into a greater number of simpler problems 
and uses complex mathematics to “glue” together the answers to all the simple problems to 
give an approximate solution to the complex problem” (Mac Donald 2007). According to Potts 
et al. (2001) the following summarizes the finite element method steps used to solve a 
geotechnical engineering problem. (i) discretising the element and defining the primary 
variable like displacement, stress etc. (most of geotechnical engineering problems use the 
displacement). (ii) choosing a proper constitutive model and driving the element and global 
equation as presented below. 
[KG] {ΔdG} = {ΔRG} (2.10) 
 
Where, [KG]: global stiffness matrix 
 
{ΔdG}: vector of displacement 
 
{ΔRG}: vector of stress. 
 
(iii) placing the boundary conditions and solving the global equation. 
 
Discretization of the element is considered as a method of geometry modelling; this process 
divides the problem into several elements made from the nodes on the element boundaries. it 
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gives the approximate results; increasing the number of elements gives less errors and more 
accurate results. Moreover, (Gokhale 2008) presents the relationship between several elements 
and the time of calculation, which shows that after a certain number of elements, the accuracy 
of the results needs a huge time to be simulated. 
The shape of the element also affects the accuracy of the results, which is chosen based on the 
required accuracy and the calculation time. In PLAXIS software, the discretisation of the 
element is automatically generated into (6 or 15) triangular shape elements based on the user 
choice. PLAXIS is a software that uses the finite element method to solve complex geotechnical 
engineering problems, such as the deformation and stability problems. Two geometric 
idealisation assumptions where provided by PLAXIS: axis-symmetry (applied for circular 
structures) and plane strain (applied when one dimension is very large in comparison with 
others) to perform the problem analysis, the solution of the problem is based on a mathematical 
framework called constitutive models assigned to the soil. PLAXIS presents a quite number of 
constitutive models, in this chapter, a detailed explanation is provided about the most common 
constitutive models and the model used in this thesis. After creating the model, the properties 
of materials involved in the problem are defined based on the constitutive model, and then the 
finite mesh is generated. PLAXIS automatically generates the mesh and provides a manual 
meshing to increase or decrease the number of the elements globally; cluster in particular 
element and at a cluster boundary. 
2.9 Constitutive Models 
 
The finite element method can be considered as a technique to obtain the strain behaviour of 
elements and the deflection of nodes that occurs from an applied load to the structure. The 
relationship between the applied load, material stiffness properties and the displacement are 
presented by a global stiffness matrix. The global stiffness matrix is formed by several 
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equations that describe the materials’ behaviour under the applied loads. The collection of 
equations is described in the constitutive model. Over the last few decades, a huge number of 
constitutive models have been developed in order to model and simulate the soil stress-strain 
behaviour. The various constitutive models came with various degrees of accuracy in detecting 
the mechanical behaviour of soil. 
2.9.1 Linear Elastic model (LE) 
 
The linear elastic model is considered as the simplest model that represent the relationship 
between stresses and strains, and that is due to the few numbers of parameters that are used in 
the model (Young’s modulus E, and Poisson’s ratio ν). 
Soil has a non-linear behaviour that makes the linear elastic model a useful model to capture 
the behaviour of soil. However, it is helpful to capture the primary behaviour of soil as it can 
be used to model strong structures in the soil layers such as concrete. The Linear Elastic Model 
is represented through Hook’s law of linear isotropic elasticity, which involves the two basic 
parameters E, ν to predict the deformations that can occur with applied stress. 
Hook’s law stress-strain linear relationship 






























  (2.13) 
τxy = G γxy    (2.14) 
τyz = G γyz    (2.15) 
τzx = G γzx    (2.16) 
 
 
Figure 2.14: stresses on a typical 
element (Knappett & Craig 2012). 
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Based on Hook’s law, the shear modulus G, bulk modulus K and the oedometer modulus 𝐸𝑜𝑒𝑑 
 
have a relationship with Young’s modulus E in the following equations: 
 
Based on Hook’s law, the shear modulus G, bulk modulus K and the oedometer modulus 𝐸𝑜𝑒𝑑 
 













         (2.19)
Using the previous equations in the Hook’s law stress-strain relationship leads to the following 
equation which shows the stiffness matrix depending on two parameters only (E, 𝜈) (Yamamuro 
& Kaliakin 2005). Young’s modulus E describes the vertical stiffness and Poisson’s ratio ν 
represents the vertical stiffness to horizontal stiffness. David & Zdravkovic (1999) holds the view 
that the linear-elastic model should not be used to model soil. 
𝜎 ̇ = 𝑀𝜀 ̇ (2.20) 
Where, σ̇: Infinitesimal incremental stress 
 
ε ̇:  Infinitesimal incremental strain 









Where:   
E’ = Effective Young’s Modulus 
𝑣′ = Effective Poisson’s Ratio 
?̇?′ = Effective infinitesimal incremental effective stress on each Cartesian 
plane 
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𝜀 ̇′ = Effective infinitesimal incremental strain in each Cartesian direction 
𝛾 ̇′ = Effective infinitesimal incremental shear strain in each shear plane 
 
The shear modulus may have a ½ multiplying factor due to the difference between tensor strain 
and engineering shear strain. 
𝛾𝑥𝑦 = Ɛ𝑥𝑦 + Ɛ𝑥𝑦 = 2Ɛ𝑥𝑦 (2.22) 
 
 
2.9.2 Mohr-Coulomb (MC) 
 
Mohr-coulomb model is considered as an elastic perfectly plastic model and is an extinction of 
Hook’s law and the generalized form of coulomb’s failure criterion. Mohr-coulomb’s model in 
general stress conditions discusses that the stress-strain behaviour in the elastic range is linear. 
According to Brinkgreve et al. (2014) PLAXIS holds the view that the stress-strain relationship 
is presented in two stages, linear elastic and perfectly plastic. Young’s modulus E, and 
Poisson’s ratio 𝜈 parameters are defined from Hook’s law as it has been detailed in the linear 
elastic model, the friction angle, and the 
cohesion C parameters from coulomb’s 
failure criteria and dilatancy angle, 
which is used to describe the flow rate 
(Ti et al. 2009; Yamamuro & Kaliakin 
2005). When it comes to the  dilatancy 
angle, (Brinkgreve et al. 2014) states 
that it is the tendency of the soil to dilate 
with deformation. Moreover, the 
 
Figure 2.15: Failure contour of the Mohr-coulomb 
model in principal stress space (Yamamuro & 
Kaliakin 2005) 
cohesive soil has no dilatancy angle, while for cohesionless soil, the dilatancy angle can be 
given in the following equation: 
𝜓 = 𝜑 − 30° (2.23) 
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According to Smith et al. (2013) the Mohr-coulomb criterion takes an irregular hexagonal cone 
form when formulated in terms of principal stress as shown in the following figure (2.15). By 
using the principal stress from the geometry of Mohr’s circle, the derivation of the invariant 






− 𝐶𝑐𝑜𝑠𝜙 = 0       (2.24) 
Substitution of the previous equation in the equations that present the relationship between 
principal stresses and invariants, which gives the following function: 
𝜎1 = 𝜎𝑚 + √
2
3
𝜎 𝑠𝑖𝑛(𝜃 −  
2𝜋
3
)        (2.25) 
𝜎2 = 𝜎𝑚 + √
2
3
𝜎 𝑠𝑖𝑛 𝜃          (2.26) 
𝜎3 = 𝜎𝑚 + √
2
3
𝜎 𝑠𝑖𝑛(𝜃 +  
2𝜋
3
)        (2.27) 
The yield surface function is given in the following form: 






) − 𝑐 𝑐𝑜𝑠 𝜙      (2.28) 
 
2.9.3 Hardening Soil Model (HS) 
 
The hardening soil model is an advanced model designed by (Schanz 1999) in order to predict 
the behaviour of soft and stiff soil through conducting the hardening soil that is caused by the 
plastic shear strain. The hardening yield surface could have expansion due to the plastic strain. 
Both shear hardening and compression hardening are contained in the hardening soil model to 
simulate the irreversible strains. The hardening yield function can be used through the 
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hyperbolic model (Duncan & Chang 1970); that is using the approximation of the relationship 





Figure 2.16: Hyperbolic stress-strain relationship and the different moduli 
in triaxial drained test (Brinkgreve et al. 2004) 
 
 
Where qa: asymptotic deviatoric stress. 
 
The asymptotic stress (qa) can be found using the ultimate deviatoric stress (qf) and the failure 
ratio (Rf) through the following equation: 






The value of (Rf) is set in the range between 0.75 and 1 for most soils, and the average value 
can be estimated as 0.9. Kempfert & Gebreselassie (2006) The findings of this study suggest 
that the average values for soft soils in southern Germany equal 0.82 and 0.89 respectively for 
CICD and CICU tests. 
Brinkgreve et al. (2014) observed that the hardening soil model replaces the hyperbolic model 
through using the theory of plasticity instead of elasticity, using the dilatancy angle and finally 
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through implementing the yield cap. The hardening soil model can be seen as advanced to the 
Mohr-coulomb. 
In addition to the Mohr-coulomb shear strength-required parameters, four basic parameters are 
required in hardening soil model: 
 
m = Power for stress-level dependency of stiffness 
𝐸50𝑟𝑒𝑓 = Secant stiffness in standard drained triaxial test 
𝐸𝑜𝑒𝑑𝑟𝑒𝑓 = Tangent stiffness for primary oedometer loading 
𝐸𝑢𝑟𝑟𝑒𝑓 = Unloading/reloading stiffness 





Figure 2.17: 𝐸50𝑟𝑒𝑓 and 𝐸𝑢𝑟𝑟𝑒𝑓 for drained triaxial test results (Brinkgreve et al. 2014) 
To get the effective compression behaviour (Brinkgreve et al. 2014) suggests using m=1 for 
soft soil. Janbu (1969) and von Soos (1990) Cited in (Brinkgreve et al. 2014) report that the 
stress dependent stiffness according to power law “m” has a range of values between m=0.5 
and m=1, respectively for hard and soft soils. 
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With the hardening soil model, there is no need to estimate the real stress level, instead, the 
secant stiffness at 50% of the maximum deviatoric stress 𝐸50𝑟𝑒𝑓 is set to simulate the minor 
stress 𝜎3 = −𝑝 𝑟𝑒𝑓. The stress-strain curve in the hardening soil model needs three values of 
stiffness to be specific. Figure 2.18 shows the plastic strain due to the deviatoric stress (𝐸50𝑟𝑒𝑓) 
and the elastic modulus in unloading and reloading stress (𝐸𝑢𝑟𝑟𝑒𝑓). 
 
Figure 2.18: (𝐸𝑜𝑒𝑑𝑟𝑒𝑓) in oedometer test (Brinkgreve et al. 2014) 
 
Brinkgreve et al. (2014) suggests the value of (𝐸𝑢𝑟𝑟𝑒𝑓) which approximately equals 3 times the 
secant stiffness (𝐸50𝑟𝑒𝑓). (𝐸𝑜𝑒𝑑𝑟𝑒𝑓) is used to present the plastic strain stage under the primary 
compression. (𝐸𝑜𝑒𝑑𝑟𝑒𝑓) value can be found using the oedometer test as shown in (Figure 2.18). 
2.9.4 Hardening Soil Model with small strains (HSsmall) 
 
As shown previously, the hardening soil model uses elastic material in the unloading and 
reloading stage. The strain recovery from the applied load acts as an elastic in unloading and 
reloading straining. However, with increasing the strain, a slight reduction in the material 
stiffness occurs nonlinearly. Figure 2.19 shows the stiffness reduction with increasing strain 
and the shear modulus values that are used in geotechnical structures. 
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Figure 2.19: (𝐸𝑜𝑒𝑑𝑟𝑒𝑓) stiffness-strain behaviour of soil (Brinkgreve et al. 2014) 
 
 
(HSsmall) model is built on the hardening soil model, therefore, the parameters that are used 
in the hardening soil model are also used in the (HSsmall) model. Only two extra parameters 
are required to describe the behaviour of stiffness with small strains: 
 







The shear strain level, where the secant shear 
modulus 
𝑮s reduced to 70% of G0. 
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2.10 Chapter Summary 
 
This chapter presents the literature review relevant to coir geotextiles and their performance 
during monotonic and cyclic loading, and an introduction to the FEM and the PLAXIS software 
with the main common constitutive models that can be used in PLAXIS applications. 
Coir geotextiles have one of the most important applications in soil reinforcements. They help 
in reducing soil settlement and increasing the bearing capacity. 
This literature review discusses the applications of coir geotextiles by reviewing the 
investigations and the analysis that are concluded from different researchers interested in the 
coir geotextiles’ field. The high cost of geosynthetics, its source as a petroleum product, and 
the increase of its application, all inspires studying the advantages of using natural fibres more 
and more and aims for increasing the environmental awareness about using them. Many 
researchers investigate in coir geotextiles which have many desirable features; such as the low 
cost, the high efficiency in enhancing the soil, and the various geotechnical applications of soil 
stabilisation. 
A detailed literature is included on the previous studies of coir geotextiles during monotonic 
and cyclic loadings using field, laboratory and numerical results. The studies cover the various 
placements of coir geotextiles, the number of reinforcement layers, the types of coir geotextiles 
and their behaviour. 
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3 FEM Model for Coir Geotextile Reinforced Soil for 
Monotonic and Cyclic Loading 
3.1 Soil under Monotonic Loading Model 
This Chapter presents and investigates the potential benefits of using coir geotextiles in 
reinforcing the soil to improve its bearing capacity and reduce its settlement in unpaved roads 
under monotonic loadings. A finite element model using PLAXIS software has been developed 
to investigate the mechanical behaviour and predict the permanent deformation of coir 
geotextile reinforced soil. 
3.1.1 Material Properties 
The material parameters used in the study were measured and evaluated using laboratory Tests 
reported by (Subaida et al. 2009). The unpaved road structures contain two major sections: the 
subbase section and the subgrade section. The subbase section (crushed stone) is the upper 
layer in the structure, which has higher quality of properties such as higher strength, stiffness 
and fiction angle, while the subgrade section (clay) is the lower section of the structure and 
mostly has low-quality properties such as low bearing capacity and high compatibility. 
Table 3.1 presents the subgrade soil properties used for FEM simulation.  
Table 3.1: Subgrade layer soil Properties       (Subaida et al. 2009)
Properties Value 
Liquid limit (%) 60% 
Plastic limit (%) 25% 
Classification CH 
Specific gravity 2.47 
Dry unit weight (kN/m3) 12 
Water content (%) 46% 
CBR value (%) 1.2% 
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The previous properties are used to measure and get the required parameters that will be used 
in the unpaved model. According to Bowles (1996) the dry unit weight, void ratio and the 















= 16.95 𝑘𝑁/𝑚3            (3.3) 
Das et al. (2016) showed that the plasticity index is the plasticity of the soil, which points to 
how expansive the clay soil was. The plasticity index can be given in the following equation: 
𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿 = 35%        (3.4) 
Where, LL: the liquid limit and PL: plastic limit. 
As the soil is a highly nonlinear material, the Hardening soil model with small strains has been 
used in designing the finite element model (FEM), the hardening soil model has been chosen 
due to the ability to use the model in both the static and dynamic loading as well as getting a 
highly accurate and detailed mechanism of behaviour for every element in the model. The 
following (Table 3.2) presents the required parameters for the subgrade (HS with small strains) 
model. 
Table 3.2: Subgrade soil model parameters (Hardening soil model with small strains) 
 
General, stiffness and strength parameters Value 
γd (kN/m3) 12 
γSAT (kN/m3) 16.95 
e 1.02 
Eoed (kN/m2) 350 
E50 (kN/m2) 700 
Eur (kN/m2) 2100 
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The subbase section is classified as (GW), which is a well-graded gravel (cohesionless). The 
coarse-grained soil strength properties depend on the friction angle. 
Table 3.3 presents the subbase soil properties used for FEM simulation.  














The previous properties were used to get the parameters that will be used in the model. 
According to Bowles (1996) the dry unit density, void ratio and the saturated density can be 















= 21 𝐾𝑁/𝑚3             (3.7) 
Properties Value 
Classification GW 
Specific gravity 2.67 
Dry unit weight (kN/m3) 20 
Water content (%) 5% 
Friction angle 48.3 
D60 (mm) 4.9 
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Das et al. (2016) presented relationship between the lateral earth pressure (𝐾0) and the friction 
angle in the following equation: 









By substituting ϕ (48.30), the lateral earth pressure (𝐾0) will equal 0.253. Then substituting the 
lateral earth pressure value in equation (3.9) to get the Poisson’s ratio which will equal 0.2. 
Bowles (1996) categorized the poisons ratio for cohesionless soils (loose and medium) in the 
range of (0.2-0.35). 
Table 3.4 summarized the required information for the subbase layer parameters that are used 
in the (HSsmall) model. 
Table 3.4: Subbase soil model parameters (Hardening soil model with small strains) 
 
General, stiffness and strength parameters Value 
γd (kN/m3) 18 
γSAT (kN/m3) 21 
e 0.46 
Eoed (kN/m2) 10000 
E50 (kN/m2) 12500 
Eur (kN/m2) 45000 
Power-m 0.5 
γ0.7 2*10-4 




C (kN/m2) 0 
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3.1.2 Model Geometry 
 
The finite element model was created to simulate the monotonic and cyclic loading tests. Due 
to the axis symmetry of the test, half of the model has been simulated to save time in 
calculations. The dimension of the model 800 mm x 500 mm presented the length and width of 
the laboratory test. The vertical load on the surface was applied on the left corner of the model 
by 100 mm diameter plate with 25 mm thickness, the plate diameter and subbase thickness were 
scaled to (0.6667) of the full-scale wheel size of 300 mm. The hardening soil model with small 
strains (HSsmall) was taken for both the subbase and subgrade sections. 
Figure 3.1shows four finite element models used for the study, the model dimensions were 
intended to be the optimum size to prepare the axis-symmetry conditions for unpaved roads. 
Test A present the model in clay soil to present the exact parameters of clay layers, test (B) is 
the unreinforced model with two layers subbase and subgrade, Test (C) coir geotextile at the 
interface between subbase and subgrade and test (D), the geotextile placed in the middle of the 
subbase layer as 0.33B. 
Fine meshing was selected to ensure more accurate results. The minimum area of meshing 
deduced as 0.0105 mm2 and used in the top left side of the model, to observe the optimum 
accuracy result under the footing. The maximum meshing area is 0.3212 mm2. The meshing 
area divided into three sections; the first section has finest meshing and located under the load 
and the mesh size keep increasing with other sections. The effect of the load vanished with the 
depth of the model, so the previous meshing size selected to simulate the best result accuracy 
and reduce the calculation time without effect the results investigation. the coir geotextile was 
modelled as a plate element with zero thickness. By neglecting the effect of flexural rigidity (EI) 
and setting it as zero, the bending properties of the plate structure becomes almost zero which 
helps in presenting only the tensile tension in the coir geotextile, as will be discussed in the 
next chapters. 
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(c) Test C 
 
500 mm 
(d) Test D 
 
Figure 3.1: The four test models (a): subgrade layer only, (b): subgrade layer and subbase 


























































Table 3.5 summarized the four models with their thicknesses of subbase and subgrade, their 
classifications according to the geotextile’s position, and their properties for coir geotextiles in 
the numerical model. 
Table 3.5: Base thickness, base soil type, subgrade soil type and geotextile position 
 






Geotextile Position symbol 
A - - CH - - 
B GW 167 CH - UR 
C GW 167 CH Base-Subgrade interface RI 




Table 3.6: Coir Geotextile Properties used in numerical model. 
 
Geotextile Properties Model EA (kN/m) EI 
Plate Element Linear Elastic 500 0.15E-9 
 
 
In order to add the boundary conditions of the model, at the two-side boundary (Xmin, Xmax), 
vertical displacement is allowed but there is no horizontal movement, due to the fact that the 
model is presented as a steel tank. While at the base (Ymin) not vertical nor horizontal 
movement is allowed, so the boundaries are fully fixed. The boundary of the model surface 
(Ymax) is fully free, as the movement in the vertical and horizontal directions is allowed. Table 
3.7 summarises the conditions of the boundaries of each side of the model. 
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Table 3.7: Model boundaries condition 
 
Model Boundary Boundary condition 
Y max (surface) Fully free 
Y min (base) Fully fixed 
X max (right side) Horizontally fixed 
X min (left side) Horizontally fixed 
 
Regarding the loading, a static load up to 1000 kPa over a 100 mm plate starts from the left 
side of the model, which presents the applied load from the laboratory circular plate. In 
addition, a displacement-controlled loading made of a 100 mm length that presents the circular 
plate has been simulated instead of the loading. They don’t have horizontal displacement and 
have a vertical displacement of δ=80 mm, which is the total displacement obtained from the 
laboratory. Using the displacement-controlled loading helps in the judgement and the 
investigation of the coir geotextile’s mechanisms and their benefits for the bearing pressure 
and stress distribution at certain levels of displacement. 
3.2 FEM model for Simulating Cyclic Loading 
 
This study presents and investigates the benefits of using coir geotextiles in reinforced soil to 
enhance the bearing capacity and reduce the settlement in unpaved roads under dynamic 
loading. A finite element model has been developed to investigate the mechanical behaviour 
and predict the permanent deformation of coir geotextile reinforced soil. 
3.2.1 Material Properties 
 
To perform a true dynamic loading, this section will present validation of the dynamic loading 
from the laboratory tests. The laboratory test investigates the effect of coir geotextile reinforced 
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sand bed under cyclic loading. Table 3.8 presents the sand bed properties that are obtained 
using laboratory tests. 
Table 3.8: Sand soil parameters 
 
Properties Value 
Relative density (kN/m3) 60 
Coefficient of uniformity, Cu 1.4 
Coefficient of curvature, Cc 1.03 
Specific gravity 2.67 
Maximum Dry density (kN/m3) 18.7 
 
 
The dynamic model properties can be derived based on empirical equations and a number of 
assumptions. According to Brinkgreve et al. (2010), the following empirical equations can 
provide the values of the required parameters of sand soil for the hardening soil model with 
small strain-stiffness (HSsmall). 
𝛾𝑢𝑛𝑠𝑎𝑡 = 15 + 4.0
𝑅𝐷
100
= 17.4       (3.11) 
𝛾𝑠𝑎𝑡 = 19 + 1.6
𝑅𝐷
100
= 19.96       (3.12) 
𝑚 = 0.7 −
𝑅𝐷
320
= 0.5125        (3.13) 
𝛾0.7 = (2 −
𝑅𝐷
100
) . 10𝐸 − 4       (3.14) 
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Table 3.9: Sand Soil Model parameters 
 





ƔSAT (kN/m3) 19.96 
Eoed (kN/m2) 7500 
E50 (kN/m2) 10000 
Eur (kN/m2) 30000 









3.2.2 Model Geometry 
 
Half of the sand bed model is simulated because of the axis symmetry of the model. A 500 mm 
x 500 mm model presents the laboratory model with a 50 mm circular footing to manifest the 
dynamic loading plate. The bearing capacity behaviour is studied at the corner of the plate. To 
stay in the same accuracy and prediction, as (HSsmall) was used to model the materials, the 
following (Figure 3.2) shows the model’s geometry. 
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Figure 3.2: Sand Model Geometry 
A sinusoidal wave designed to match the laboratory experiment wave; the settlement behaviour 
plotted corresponding to the dynamic time for each model. Figure 3.3 show the three waves 
patterns that used to study the dynamic load effect. As can see, a repeated loading used to 
simulate the cyclic load with amplitude range of (0-1). 
 
 













The boundary conditions of sand model are same as the boundaries of unpaved road 
boundaries. Table 3.10 below summarizes the conditions for every boundary in the model. 
Table 3.10: Dynamic model boundary conditions 
 
Model Boundary Boundary condition 
Y max (surface) Fully free 
Y min (base) Fully fixed 
X max (right side) Horizontally fixed 
X min (left side) Horizontally fixed 
 




Cyclic deviatoric stress 
(kPa) 
Number of Cycles 
(N) 
0.5 50 10000 
1 100 10000 
1.5 150 10000 
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3.3 Chapter Summary 
 
This chapter illustrates the stages of creating the finite element model, the geometry of the 
unreinforced model and the coir geotextile reinforced soil in the middle of the subbase layer 
(RM) and at the interface between subbase and subgrade layers (RI). It also provides the 
material properties of the subbase and subgrade layers and the properties of coir geotextiles. 
It also defines the boundary conditions of the model to simulate the laboratory test and get the 
exact results and calibration between the model and laboratory results, and simulates half of 
the laboratory tests due to the symmetry of the test’s geometry. Using half of the laboratory 
tests helps in increasing the model’s meshing to predict higher accuracy. As well as applying 
the plate on the model and performing the load on the surface of the model. 
This chapter focuses on developing the cyclic model properties based on the laboratory results 
to validate the cyclic loading that will be used in the unpaved road model through determining 
the sand properties, boundary conditions and soil values. It also presents the Sinusoidal waves 
of 0.5 Hz, 1 Hz and 1.5 Hz and 50 kPa, 100 kPa and 150 kPa amplitude to study the effect of 
variant frequencies and amplitudes on coir geotextiles performance in reinforcing the soil. 
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4 Behaviour of Coir Geotextile Reinforced Soil Under 
Monotonic Loading 
4.1 Introduction 
This chapter presents the results of numerical modelling of the potential benefits of coir 
geotextile reinforced soil under monotonic loading conditions. This finite element model has 
been developed to investigate the permanent deformation of coir geotextile reinforced soil by 
applying a monotonic load on the four different models presented in chapter 3. The footing 
settlement is calculated at 95mm from the centre of the footing. 
4.2 Validation Results 
 
Figure 4.1 shows the variations of bearing pressure axial settlement for unreinforced soil (UR), 
coir geotextile at the interface between the subbase and subgrade (RI), and coir geotextile in 
the middle of the subbase (RM). It is evident that the numerical model clearly captures the 
bearing pressure versus settlement in the same way as the laboratory experiment reported by 
Subaida (2009). 
 
Figure 4.1 Variation of Bearing pressure versus settlement 
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It is interesting to note that the initial stiffness increases with the inclusion of coir geotextiles. 
The ultimate bearing capacity for unreinforced soil shows a peak bearing pressure of 243 kPa, 
but when the coir geotextile is placed in the middle of the subbase, the bearing pressure 
increases to 368 kPa, which is about a 49% increase in the bearing pressure compared to 
unreinforced soil. When the geotextile is placed at the interface between the subbase and the 
subgrade layers, the bearing pressure is 453 kPa, which is an almost 83% increase in the bearing 
pressure compared to unreinforced soil. It is evident that placing coir geotextiles at the interface 
between the subbase and subgrade layers is the optimum location for enhancing the bearing 
pressure of the soil. These results are consistent with the research work on synthetic geogrids 
(Haas et al. 1988). 
4.3 Coir Geotextile’s Inclusion on Nγ 
 
Several numerical models present the effect that coir geotextiles have on the bearing capacity. 
A detailed investigation on the effect that coir geotextiles have on Nγ, bearing in mind that Nγ 
is calculated based on the following formula: 






Figure 4.2 shows the relationship between Nγ and the settlement ratio (s/B) with and without 
coir geotextiles; note that Nγ increases nonlinearly with s/B irrespective of the coir geotextiles. 
For UR, Nγ shows a peak value of 116, but when the model is reinforced with coir geotextiles 
in the middle of the subbase (RM), the Nγ values increases to 175 at an s/B ratio of 0.36. 
However, when the coir geotextiles are at the interface between the subbase and subgrade layers 
(RI), Nγ increase to 216 at an s/B ratio of 0.45. 
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Note that the settlement increases linearly with respect to Nγ for up to 4% of the footing width 
for a 20 Nγ value, but to reduce the settlement, the reinforced soil settles to 9% of the footing 
width under a 116.2 Nγ value, and in the unreinforced soil model the settlement reaches 18 % 
of the footing width. The effect of the coir geotextile’s placement can be clearly seen after the 
settlement ratio reaches 5 % of the footing width, where the Nγ value increases from 148 to 
175 in a 33 % settlement ratio for reinforcement in the middle of the subbase, and the Nγ 
increases from 148 to 216 in a 34 % settlement ratio for reinforcement between subbase and 
subgrade layers (RI). 
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Figure 4.3: Soil Reinforced with different number of coir geotextile layers 
 
 
To investigate the effect of different coir geotextile layers, four models with different numbers 
of geotextile layers were simulated under the same geotextile and soil properties. In the first 
model, the geotextile was placed in the middle of the subbase layer at a depth of 83 mm as one 
third of plate width (0.33B). In the second model, two layers of reinforcements were placed at 
depths of 83 mm and the 167 mm, while for the third and fourth models, the same spacing in 
model one was used (83 mm as 0.33B ratio) for three and four layers. (Figure 4.3) shows the 
























Figure 4.4: The Effect of the Number of Layers on the Coir Geotextile Reinforced 
soil 
 
The relationship between the variant of Nγ and s/B, which presents the effect of the number of 
geotextile layers needed to improve the Nγ value and the behaviour of soil stiffness as a result 
of geotextile reinforcement, is shown in (Figure 4.4). Based on the graph, the Nγ increases with 
the increment of s/B, so the higher the Nγ value, the higher the bearing capacity. It also shows 
that increasing the number of layers increases the Nγ value, but on the other hand there is no 
significant influence on the initial stiffness by increasing the reinforcement layers. The 
maximum settlement corresponding to N gamma 175 was 36% of the footing width, while in a 
two-layer reinforcement N=2, the maximum soil settlement corresponding to Nγ 217 was 42% 
of the footing width. It is important to note from (Figure 4.4) that after the second layer of 
reinforcement, the improvement in the bearing capacity of the soil becomes almost negligible 
because the maximum settlement corresponding to Nγ 226 Nγ was 38% of 
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the footing width after adding the three reinforcement layers N=3. For the four-layer 
reinforcement (N=4), the maximum settlement corresponding to Nγ 235 was 37% of the footing 
width. 
It is also important to highlight that the placement of the geotextile has a significant influence 
on the bearing capacity of soil, as shown in (Figure 4.2), because when the geotextile is placed 
at the interface between the subbase and subgrade layers, the maximum Nγ is 216, and when 
one layer is placed at the interface of the subbase and subgrade and a second layer is placed in 
the middle of the subbase, the Nγ value becomes 217. 
Nγ increases as the number of geotextile reinforcement layers increases, but the positive effect 
of adding more geotextile layers decreases after the second layer to become almost negligible. 
Placing the geotextile at the interface between the subbase and subgrade layers has the same 
effect as two reinforcement layers when it comes to increasing the bearing capacity. Chen et 
al. (2007) studied the effect of increasing the geogrid-reinforcement layers and reported that 
increasing the number of layers increases the bearing capacity however, adding more layers 
after the second layer means their effect becomes negligible. 
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4.5 Parametric Study 
 
As mentioned  before,  the 
subbase layer helps to distribute 
the stress transferred to the soil 
from  the surface load. The 
subbase parameters affect the 
performance of geotextiles. This 
investigation covers the effect 
that the subbase stiffness and the 
friction angle have on the 
behaviour of Nγ with respect to 
the settlement (s/B%) ratio. 
Figure 4.5 shows the 
relationship between Nγ and the 
(s/B) ratio for different stiffness 
values in unreinforced 
structures. It is seen that the 
settlement ratio decreases by 
increasing the subbase stiffness. 
The stiffness of the subbase has 
a significant effect on the 
settlement ratio, but at the same 
time the effect of the stiffness on 
Nγ is not noticed. The figure 
shows that increasing the stiffness 
 
 
Figure 4.5: Subbase Stiffness Effect on geotextile 
performance 
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from 2500 kN/m2 to 10000 kN/m2 has a wide effect on e settlement; a stiffness of 2500 kN/m2 
gives a 58 % settlement ratio of the footing width, while at a 5000 kN/m2 stiffness, (s/B) 
decreases to 37.5 % and then becomes less than 20 % at a 10000 kN/m2 stiffness. When the 
stiffness increases above 10000 kN/m2, it cannot improve the settlement ratio any further. The 
stiffness value doesn’t affect the bearing capacity of the footing, as shown in the (figure 4.5), 
because the value of Nγ decreases from 130 to 117 when the stiffness is increased 8 times. 
The effect of subbase stiffness for unpaved roads reinforced with coir geotextiles is presented 
in (figure 4.5b and 4.5c). The effect of stiffness on the maximum (s/B%) decreases significantly 
when geotextiles are placed at the interface between the subbase and subgrade (see figure 30b), 
and then it tends to disappear when the geotextile is in the middle of the subbase. Increasing 
the stiffness increases the Nγ value until it reaches the failure point. 
As with unreinforced soil, the effect of stiffness on the maximum bearing capacity is not 
noticeable in both reinforcement positions, especially when the stiffness is above 5000 kN/m2. 
In summary, increasing the stiffness of the subbase layer increases the shear stress that is 
created by the interaction between the geotextile and subbase layer; this interaction increases 
the confinement pressure in the soil surrounding the geotextile, which then increases the lateral 
resistance, and that leads to the increment of the mean effective stress, which consequently 
reduces the vertical deformation in the subbase. 
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Figure 4.6 shows the effect of the 
subbase friction angle in 
improving the bearing capacity 
and settlement ratio (s/B). The 
effect of the friction angle is 
analysed by simulating the effect 
of five different friction angles: 
30, 40, 50 ,60 and 700. As seen in 
the graph, increasing the friction 
angle of unreinforced soil 
increases the bearing capacity by 
increasing the Nγ value. 
Moreover, increasing the subbase 
friction angle reduces the 
settlement ratio of the footing 
width. When the friction angle 
exceeds 500, the value of Nγ 
decreases but the settlement ratio 
keeps on decreasing. 
Figure 4.6b and 4.6c illustrates the 
behaviour of reinforced soil with 
geotextile under different friction 
angle values. As shown, the Nγ 
value increases as the friction 
angle increases until the friction 
 
 
Figure 4.6: Subbase Friction angle on geotextile 
performance 
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angle reaches 600, after which the effect of the friction angle vanishes. On the other hand, the 
effect of the friction angle on the settlement ratio is negligible because the settlement remains 
in the same range under all the friction angles. The effect of the friction angle on reinforced 
soil can be seen in (figure 4.6), at 300, Nγ value is around 93 for both reinforced soil models. 
Increasing the friction angle shows the effect that the reinforcement position has in enhancing 
the bearing capacity. 
The maximum value of Nγ with coir geotextile in the middle of the subbase and at the interface 
between subbase and subgrade is 252 and 275 respectively for a friction angle of 70 degrees. 
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Lateral resistance at 
the interaction 




4.6 Mechanical Behaviour of Coir Geotextile-Reinforced Soil 
An improvement in the performance of soil reinforced with coir geotextiles is further 
investigated using the spatial distribution of displacement and stress during monotonic loading. 
The behaviour of unreinforced and coir geotextile reinforced soil is investigated by studying 
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Figure 4.7: Soil Settlement contour 
 
 
Figure 4.7 shows the settlement contour of soil in three cases; (i) the deformation of 
unreinforced soil under monotonic load, (ii) and (iii) reinforced soil with coir geotextiles under 
monotonic loading. These three cases are exposed to the same monotonic load (250 kPa), which 
is the ultimate bearing pressure of unreinforced soil. All three cases present the typical bulb 
shape, so the maximum settlement can be seen directly under the footing, as expected. The 
maximum settlement in unreinforced soil is 34 mm, but with the inclusion of coir geotextiles 
in the middle of the subbase (RM) and at the interface between subbase and subgrade layers 
(RI), settlement decreases to 27 mm and 23 mm respectively. Based on (Figure 4.7), placing 
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geotextiles in the soil decreases the vertical settlement and the optimum performance when 
geotextiles are placed at the interface between the subbase and subgrade (RI). This can be seen 
in case (iii) where lateral displacement decreases next to the geotextile placement, and so too 
does the vertical settlement. Reinforcing unpaved roads with geotextiles decreases the vertical 
and lateral displacement due to the interaction between the geotextiles and the subbase; in this 
instance the geotextiles help to reduce lateral displacement with the interacting soil. 
The summary of the previous settlement distribution contours shows that the placement of a 
geotextile layer in the soil creates resistance in the soil to lateral movement as it interacts with 
the geotextile surface; this lateral resistance reduces soil deformation under an applied load and 
also reduces the vertical settlement. 
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Figure 4.8 shows the stress contour under three soil models, (i) unreinforced soil, (ii) reinforced 
soil with coir geotextile in the middle of the subbase layer, and (iii) reinforced soil with coir 
geotextile at the interface between the subbase and subgrade layers. These three models are 
exposed to the same amount of displacement-controlled load (40 mm) to study the amount of 
the transfer stresses from the applied load to the subgrade layer. Based on the stress contour 
(Figure 4.8), maximum stress in the unreinforced footing is 83.03 kN/m2 when the soil is 
reinforced in the middle of the subbase layer, but at the interface between the subbase and 
subgrade layers, the maximum stress reaches 123 kN/m2, and 101 kN/m2 respectively. This 
shows that high value stress is distributed in the subbase layer so for (RM), the stress is reduced 
from 123 kN/m2 on the top surface of the geotextile to 81 kN/m2 under the geotextile layer. On 
the other hand, for (RI) the geotextile distributed stress more efficiently because the stress at 
Coir geotextile carry 
the stress which reduce 
the distributing stresses 
in the subgrade layer 
86 





the geotextile surface is 101 kN/m2, afterwards the geotextile the stress decreased to less than 
26 kN/m2. 
The inclusion of coir geotextile in the soil creates a shear interface between the geotextile and 
the subbase soil. When a load is applied at the surface of the structure, the subbase soil moves 
in a horizontal direction. Due to the shear interaction between the geotextile and the subbase; 
this movement of the subbase soil in a horizontal direction generates a tensile force in the 
geotextile that resists lateral movement at the interface soil with the geotextile which then leads 
to create an axial force that helps to the vertical settlement. For (RM) the highest stress is at the 
geotextile surface under the corner of the footing. 
In summary, installing a coir geotextile at the interface between the subbase and subgrade 
gives the best transfer of stress in the geotextile layer, and this helps to reduce lateral 
displacement. 
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Figure 4.9: Coir Geotextile’s Axial Force 
The behaviour of coir geotextiles is shown in Figure 4.9. This figure shows the axial force 
generated in geotextiles due to shear stress between the geotextile and the soil. This 
investigation into the behaviour of geotextiles is carried out in two cases: (ii) when geotextile 
is added to the middle of the subbase (RM), and (iii) when geotextile is placed at the interface 
between the subbase and subgrade layers (RI). Since the stress and settlement contours are 
related to each other, the behaviour of geotextiles is also related and can be justified with 
respect to the stress and settlement contours. The maximum axial force for (RM) is 6.614 kN/m 
and for (RI) is 2.460 kN/m. For (RM), the higher axial force at the location mentioned in (Figure 
4.9) is due to the stress that is transferred by the applied load. 
The maximum stress generated onto the surface of the geotextile is under the corner of the 
footing, which is the same location as the highest axial force on the geotextile (Figure 4.9). 
This transfer of stress causes a shear interaction between the subbase soil and the geotextile 
which leads to maximum tensile force in the geotextile at that location. 
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For (RI), maximum settlement occurs under the footing and that movement creates the highest 
shear interaction with the geotextile under the footing. The subbase layer helps to distribute 
this high stress before it reaches the geotextile. On this basis, the maximum axial force is 
generated under the footing width and the geotextile distributes less stress into the subgrade 
layer. 
(Kurian et al. 1997) studied the behaviour of a geotextile reinforced sand model using a finite 
element model, and found that the maximum axial forces in reinforcement under the footing 
were at the centre, and they decrease along the length of the reinforcement. Moreover, higher 
axial forces were found in the geotextile at the interface between the subbase and subgrade. 
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4.7 Chapter Summary 
This chapter developed a soil model to simulate the behaviour of coir geotextiles with the same 
material properties, and under monotonic loading and boundary conditions. The FEM model is 
calibrated with the laboratory data reported by (Subaida et al 2009). The settlement and bearing 
pressure values are observed 95 mm away from the centre of the loading plate. 
The coir geotextiles significantly increased the bearing pressure of the soil. The placement of 
coir geotextile plays a key role in their performance during monotonic loading, when the 
geotextiles are placed at the interface between the subbase and subgrade layers (RI) and in the 
middle of the subbase layer (RM). Including the coir geotextile in (RM) shows their optimum 
performance at increasing the bearing pressure. 
Increasing the coir geotextiles-reinforcement layers in the soil increases the bearing capacity 
of the soil under monotonic loading, but installing more geotextile layers means that their effect 
N >2 on the bearing capacity becomes less significant. Moreover, installing more than two 
layers of coir geotextiles into the soil does not help to reduce soil settlement. 
Incorporating geotextile into the soil creates an interaction between the geotextile and soil 
particles that generates a lateral resistance in the geotextile against soil movement. This lateral 
resistance reduces soil settlement and creates an axial force in the geotextiles that increase the 
bearing pressure of soil. Adding coir geotextiles to soil helps to distribute higher stresses in the 
soil and redistribute the stress into the soft subgrade layer. 
Lateral resistance at the interaction between geotextile and soil particles increases the confining 
pressures in the area around the geotextiles, which then increases the stiffness of the subbase 
layer and reduces vertical settlement. 
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5 Behaviour of Coir Geotextiles Reinforced Soil Under 
Cyclic Loading 
5.1 Introduction 
This chapter discusses the behaviour of soil reinforced with coir geotextiles under cyclic 
loading. It begins by comparing the results of the proposed model with laboratory data, and 
then studies the effect of coir geotextiles under cyclic loading by investigating the effect of 
that the amplitude of cyclic loads, the frequency, and subbase stiffness has on the behaviour 
of soil reinforced with coir geotextiles. Finally, the mechanical behaviour of soil reinforced 
with coir geotextiles are studied under cyclic loading. 
5.2 Cyclic Loading Comparison with Laboratory Data 
 
The dynamic model test simulates the performance of a 500 mm thick bed of sand under 
repeated loading. The cyclic pressure applied is 100 kPa at a frequency of 0.5 Hz. 
 
 
Figure 5.1: Cyclic Loading validation 
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Figure 5.1 shows the settlement of sand with the number of cycles during cyclic loading. It is 
evident here that the numerical model captures the settlement behaviour with N similar to the 
laboratory experiment reported by (Sridhar & Kumar 2018), where settlement increases with 
the number of cycles. There is a very large settlement for N>1000. 
5.3 The Effect of Coir Geotextiles under Cyclic Loading 
 
Three loading levels and frequencies are used to investigate the effect of soil reinforced with 
coir geotextiles; in some cases, the cyclic load reaches 10,000 by changing the soil parameters 
to examine how well geotextiles will support soil under cyclic loading. To keep the same 
numerical modelling conditions for monotonic loading, settlement under cyclic loading in all 
the tests was measured 95 mm away from the centre of the plate. 
 
 




Figure 5.2 shows the variations of settlement with time for unreinforced soil and soil reinforced 
with coir geotextile in two different positions. The effect that cyclic loads have on settlement 
are detected under 100 kPa and 1.5 Hz in (Figure 5.2a) and under 150 kPa and 1 Hz in (Figure 
5.2b). As seen in (Figure 5.2), the inclusion geotextile in the soil reduces settlement during 
cyclic loading, but the geotextile-reinforced soil in the middle of the subbase layer reduced 
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settlement much more than the geotextile-reinforced soil at the interface between the subbase 
and the subgrade. 
Figure 5.2 shows the settlement of the footing under 100 kPa and 1.5 Hz. Figure 5.2 (a) shows 
73 mm of settlement under 10000 cycles for the unreinforced footing, but when the footing is 
reinforced with geotextile at the interface (RI), the settlement decreased to 66 mm, but when 
geotextile is placed in the middle of the subbase layer, settlement decreased to 48 mm. 
Figure 5.2 (b) shows that the unreinforced soil reached 48 mm settlement for N=10000. In coir 
geotextile reinforced soil, settlement is 41 mm when the geotextile is placed at the interface 
(RI) and 32 mm with geotextile in the middle of the subbase layer (RM). For (RI) and (RM) the 
soil is set to yield at N=500, 1000, and 2000 respectively. 
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5.4 Effect of Amplitude of Cyclic Loads on the Behaviour of Coir Geotextile 
Reinforced Soil 
 
To investigate the effect of 
amplitude of cyclic loads values 
in more detail, a number of 
models were carried out on the 
soil. 
Figure 5.3 shows the relationship 
between the number of cycles of 
repeated loading and the 
settlement of the footing with and 
without geotextiles. 
The unreinforced footing 
settlement increased as the 
amplitude increased; in this 
instance settlement increased 
from 12 mm to 48 mm when the 
amplitude increased from 50 kPa 
to 150 kPa under 10000 cycles. 
Ultimate settlement decreased to 
42 mm under 150 kPa when 
geotextile is placed at the 
interface, and 9 mm under 50 kPa 
amplitude. When geotextile is       
Figure 5.3: Number of Cycles-Settlement of various 
applied pressures on unreinforced and reinforced soils 
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placed in the middle of the subbase, settlement decreased to 33 mm under 150 kPa and 9 mm 
under 50 kPa. 
The maximum performance of this reinforcement occurs when the geotextile is placed in the 
middle of the subbase. This decrease in the footing settlement as a result of placing geotextile 
at the interface (RI) and in middle of the subbase (RM) under 150 kPa was 14% and 45% 
respectively, while under a 100 kPa, there is a 35% reduction in settlement is recorded for both 
geotextile positions. Table 5.1 summarises the footing settlement under cyclic loading. 
Table 5.1: Effect of amplitude on geotextile performance 
 
Test Amplitude (kPa) Number of Cycles 
(N) 
Settlement (mm) % Reduction in 
Settlement 
 50  12 - 
UR 100 10,000 33 - 
 150  48 - 
 50  9 0.25 
RI 100 10,000 23 0.303 
 150  42 0.125 
 50  9 0.25 
RM 100 10,000 23 0.303 
 150  33 0.3125 
 
As presented in Table 5.1, the ability of geotextile to reduce settlement of the footing can be 
clearly seen. Increasing the amplitude increases the footing settlement, while including coir 
geotextiles at (RI) and in (RM) enhances soil performance and reduces settlement. The footing 
experienced a 25% reduction in settlement for (RI) and (RM) under 50 kPa amplitude, and 
30.3% under 100 kPa. While under 150 kPa, the coir geotextile at (RI) shows 12.5% reduction 
in settlement and 31.25% for (RM). This shows that placing the coir geotextile in the middle of 
the subbase results in an optimum performance of geotextile at reducing settlement. 
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5.5 Effect of Frequency on the Behaviour of Coir Geotextile Reinforced Soil 
 
 
Figure 5.4 shows the relationship 
between the number of cycles of 
repeated loading and settlement 
of the footing with and without 
geotextiles, at various 
frequencies. 
Settlement of the unreinforced 
footing is directly proportional to 
the   frequency,   because  as 
settlement increases, so too does 
the  frequency.  In  fact, the 
settlement increases from 32 mm 
to 93mm when the pressure 
increased from 0.5 Hz to 1.5 Hz at 
10000 seconds. When geotextile is
 placed at the interface, 
ultimate settlement decreased to 
90 mm at 1.5 Hz and 24 mm at 0.5 
Hz. When the geotextile is 
placed in the middle of the 
subbase, settlement decreased to 




Figure 5.4 Frequency effect on geotextile performance 
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The optimum performance of the reinforcement occurred when the geotextile is placed in the 
middle of the subbase. The reduction in the footing settlement caused by adding geotextile at 
the interface (RI) and in middle of the subbase (RM) at 1.5 Hz, was 3% and 45% respectively, 
and 4% and 27% under 100 kPa pressure. Table 5.2 summarises the footing settlement under 
cyclic loading. 






Settlement (mm) % Reduction in 
Settlement 
UR 0.5  32 - 
 1 10,000 53 - 
 1.5  93 - 
RI 0.5  24 0.25 
 1 10,000 51 0.0377 
 1.5  90 0.0323 
RM 0.5  31 0.03125 
 1 10,000 42 0.208 
 1.5  64 0.312 
 
According to Table 5.2, the ability of geotextile to reduce the settlement of the footing can 
clearly be recognised, but the geotextile performed even better by increasing the frequency; 
optimum performance occurred when geotextile is placed in the middle of the subbase layer. 
The inclusion of a coir geotextile at (RI) and in (RM) enhanced the performance of soil and 
reduced settlement. There was a footing settlement of 25% with a 3.125% reduction for (RI) 
and (RM) respectively under 0.5 Hz; the reduction was 3.77% and 20.8% under 1 Hz, whereas 
under 1.5 Hz the inclusion of a coir geotextile at (RI) shows 3.23% reduction in settlement and 
31.2% for (RM). These reductions in settlement indicate that placing the coir geotextile in the 
middle of the subbase led to the optimum performance of geotextile at reducing settlement. 
97 








5.6 Subbase Stiffness effect on Coir Geotextile Performance 
 
 
The relationship between 
settlement and the number of 
cycles under 100 kPa amplitude 
and a 1 Hz frequency with various 
stiffness values is shown in 
Figure 5.5. 
Three values are used to 
investigate the effect of stiffness: 
5000 kN/m2, 10000 kN/m2 and 
15000 kN/m2. 
 
Figure 5.5 shows the relationship 
between settlement and stiffness, 
such that increasing the stiffness of 
the subbase layer significantly 
reduces the settlement of cyclic 
loading. The unreinforced soil 
shows a high reduction in 
settlement as the stiffness of the 
subbase increases. For example, 
settlement at stiffness of 5000 
kN/m2 occurs at 47 mm, and when 
Figure 5.5: Subbase stiffness effect on soil 
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the stiffness is increased to 10000 kN/m2 and 15000 kN/m2, settlement drops sharply to 31 mm 
and 22 mm respectively. This is improvement in performance of 51.6% and a 113.6% 
respectively in reducing the settlement of the footing. 
In the case of soil reinforced with coir geotextile, when the reinforcement is at (RI) and (RM) 
settlement at 5000 kN/m2 stiffness is 31mm 42 mm respectively, and for a 10000 kN/m2 stiffness 
there is 14.81% and 82.6% reduction ratio, 17 mm with a 58.8% reduction in settlement, and 
17 mm with 147.06% settlement reduction for (RI) and (RM) respectively. 






5.7 Mechanical Behaviour of Coir Geotextile-Reinforced Soil under Cyclic 
Loading 
 
To understand the behaviour of unpaved roads reinforced with geotextile under repeated loading. 
The value of the stress was observed along the depth of the model at three different models where 
the geotextile placed in the middle of subbase layer and at the interface between subbase and 
subgrade The pressure is kept constant at 150 kPa, and the frequency is 0.5 Hz in this section to 
analyse the behaviour of reinforced soil under the same conditions. 
 
Figure 5.6: Mean Effective Stress behaviour 
 
Figure 5.6 shows the stress contour during cyclic loading for UR, RM and RI. Based on the 
stress contour, peak stress for UR is 51.61 kN/m2.  However, for RM and RI the peak stress 
reaches 91.56 kN/m2, and 89.58 kN/m2 respectively. For UR, the stress developed during cyclic 
loading is completely distributed over layer I. However, peak stress increases with the inclusion 
of coir geotextiles. The increase in the peak stress is mainly due to the additional axial tensile 
force developed in the coir geotextiles. It is important to note that cyclic loading effect on the 
settlement of soil in larger compared to monotonic loading.  
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Figure 5.7: Soil Settlement Contour Under Cyclic Loading 
Figure 5.7 shows the settlement of soil under repeated loading for the geotextile reinforced and 
unreinforced soil. In the unreinforced soil (UR), the maximum settlement is 31.35 mm. For (RI), 
the vertical settlement decreased until it reached 24.4 mm under the footing and 30.15 mm 
heaving; this is caused by adding another layer of geotextile at the interface between the 
subbase and the subgrade layers. With (RM), adding geotextile to the middle of the subbase 
layer is the best way of controlling vertical settlement, in this instance it was 27.24 mm. 
This type of settlement matches the mean effective stress, where the highest increase in stress 
occurred when geotextile was placed in the middle of the subbase. Even when the total 
settlement decreased after placing the geotextile in the middle of the subbase, the best 
horizontal resistance occurred when geotextile was added at the interface between the subbase 
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Figure 5.8: Coir Geotextile’s Axial Force Under Cyclic Loading 
Figure 5.8 shows the axial force in the geotextiles due to repeated loadings applied onto the 
soil. The maximum axial force detected is 0.24 kN/m when the geotextile is in the middle of 
the subbase layer, and 1.09 kN/m when the geotextile is at the interface between the subbase 
and the subgrade. The axial force in the geotextile for (RM) is about four times that detected in 
(RM). As a result of this higher axial force, the geotextile creates a higher shear force that stops 
particles of soil from moving horizontally, which then reduces lateral movement in the soil. 
The location of maximum axial force in (RM) and (RI) under cyclic loading is typical behaviour 
for axial force distribution. 






5.8 Chapter Summary 
 
In this chapter a half soil model has been developed to simulate the behaviour of coir geotextiles 
with the same material properties, under cyclic loading conditions and boundary conditions. 
The FEM model was calibrated with the laboratory data reported by (Sridhar & Kumar 2018). 
The settlement values were observed 95 mm away from the centre of the loading plate. 
The coir geotextiles significantly reduced footing settlement in the soil, but their placement of 
coir geotextile plays a key role in how well they perform during cyclic loading. Geotextiles 
were placed at the interface between the subbase and subgrade layers (RI) and in the middle of 
the subbase layer (RM), with the coir geotextile in (RM) having optimum performance in 
reducing settlement in the footing. 
Reinforcing soil with coir geotextiles under various amplitudes reduces settlement, and 
increasing the amplitude improves their effectiveness. Under 50 kPa and 100 kPa there was no 
significant difference between the inclusion of coir geotextile at (RI) and (RM), but when the 
amplitude increased to 150 kPa the geotextile in the middle of the subbase (RM) performed 
better than the (RI) reinforcement. 
Increasing the frequency of cyclic loading increases the performance of soil reinforced with 
coir geotextiles, however placing coir geotextiles at the interface between the subbase and 
subgrade (RI) did not reduce the footing settlement very much, whereas placing coir geotextiles 
in the middle of the subbase layer (RM) helped to reduce the footing settlement by 20.8% and 
31.2% under 1 Hz and 1.5 Hz respectively. 
Three stiffness values were used to investigate the effect of stiffness on coir geotextiles, i.e., 
5000 kN/m2, 10000 kN/m2 and 15000 kN/m2. Increasing the stiffness of the subbase reduces 
settlement, and increasing the stiffness decreases the ability of coir geotextile to improve the 
performance of soil. 






A detailed study of the performance of coir geotextile with regards to vertical stress shows they 
increase the mean effective stress which then increases the subbase stiffness and reduces 
vertical settlement. 
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This chapter summarises the findings and limitations of this thesis and also provides some 
recommendations for future work. In this study, monotonic and cyclic loading test was carried 
out in PLAXIS to investigate the behaviour of soils reinforced with coir geotextiles. The key 
findings are highlighted below: 
6.2 Major Conclusions 
 
➢ The numerical model captures the soil bearing pressure versus settlement behaviour in 
the same way as the laboratory experiments reported by Subaida et al (2009). 
➢ The effect of monotonic loading shows how coir geotextiles improve the bearing 
capacity of reinforced soils; basically, as Nγ increases, settlement decreases when coir 
geotextiles are placed into the soil. 
➢ Coir geotextiles were installed at the interface between the subbase and subgrade layers 
(RI), and in the middle of the subbase layer (RM). Placing the coir geotextile in the 
middle of the subbase layer led to their optimum performance under monotonic loading. 
➢ Increasing the coir geotextiles-reinforcement layers in the soil leads to an increment in 
the bearing capacity of soil under monotonic loading. However, if more geotextile 
layers are added, the effect of the extra layers where N>2 on the bearing capacity 
becomes less significant. Moreover, installing more than two layers of coir geotextiles 
in the soil does not help to reduce soil settlement. 
➢ Due to the interaction between coir geotextile and the subbase, a tensile stress is 
generated in the geotextile which helps to stop the soil particles from moving laterally. 
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When reducing lateral displacement, the vertical movement of the soil particles is also 
reduced, and so too is the vertical settlement. 
➢ Placing coir geotextiles at the interface between the subbase and subgrade layers creates 
an axial force in the geotextile which helps to increase the bearing capacity of the 
reinforced soil. However, placing coir geotextiles in the middle of the subbase creates 
a higher stress inside the subbase layer which in turn helps to deliver less stress to the 
soft subgrade layer; this then improves the performance of geotextiles in soil. 
➢ In the monotonic loading simulation, increasing the stiffness of the subbase layer led to 
a negligible increase in the bearing capacity. Increasing the subbase stiffness helps to 
reduce settlement significantly before reaching failure, whereas the effect of increasing 
the stiffness vanishes after 10000 kN/m2. 
➢ The friction angle has a significant effect on unreinforced and reinforced soils. 
 
Increasing the friction angle increases the bearing capacity of the soil, but when phi > 
600 the friction angle has no effect on the bearing capacity. 
➢ The numerical model captures the settlement of a footing under cyclic loading in the 
same way as the laboratory experiment reported by Sridhar & Kumar (2018). 
➢ Settlement increases as the number of cycles increases. The inclusion of coir geotextile 
in soil during cyclic loading reduces settlement and improves the performance of soil. 
➢ Placing coir geotextiles in the middle of the subbase layer led to their optimum 
performance during cyclic loading. 
➢ Increasing the amplitude leads to an increase in the settlement of soil under cyclic 
loading, whereas coir geotextiles at the interface between subbase and subgrade layer 
reduced the effect of amplitude and settlement of the footing by 12.5 % and 31.25 % 
respectively under 150 kPa deviator pressure. 
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➢ The coir geotextile’s ability to reduce the settlement of footing during cyclic loading 
with various frequencies is such that coir geotextile inserted at the interface between 
subbase and subgrade layers and in the middle of subbase layer reduced the settlement 
of the footing by up to 3.23% and 31.2% respectively under 1.5 Hz frequency. 
 
➢ Placing coir geotextiles into the soil increased its mean effective stress during cyclic 
loading; this increase in the mean effective stress due to the interaction between the coir 
geotextile and the soil creates a lateral resistance in the soil which increases the 
confinement pressure of the soil around the geotextile, which then increases the 
stiffness of the soil and reduces vertical settlement. 
 
➢ Placing geotextiles at the interface between the subbase and subgrade layers is the 
optimum location for resisting the lateral movement of soil. 
 
➢ Placing the coir geotextile at one third of the footing width (0.33B) consider as the 
optimum location for coir geotextile under cyclic loading. 
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6.3 Recommendations for Future Research 
 
Some recommendations for the future work are highlighted below to improve the predictive 
behaviour of coir geotextiles under cyclic loading. 
➢ Extending the 2D model to a 3D model to capture the particle stress rotation of the 
unreinforced and coir geotextile reinforced soil. 
➢ Studying various parameters that effect the behaviour of coir geotextiles under cyclic 
loading (e.g. under high frequencies, different subbase and subgrade materials and 
different coir geotextile’s types) 
➢ Studying the effect of degradation on the behaviour of coir geotextiles under monotonic 
and cyclic loading. 
➢ this model can be extended to study the effect of high frequency on the performance of 
coir geotextile.
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